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(54) User terminal doppler compensation 

(57) A satellite communications system, where a 
satellite 1 0 can pass messages between a usertenminai 
44 and an earth station 38, as the satellite moves in an 
orbit 12 12' as indicated by arrow 46. comprises means 
for measuring the position of the user terminal 44, on 
the surface of the earth 14, relative to the nadir 50, by 
means of doppler shift measurements and propagation 
delay measurements between the satellite 10 and the 
user terminal 44. Apparant positional errors, due to 



movement of the user terminal 44 relative to the surface 
of the earth 14, Inducing its own doppler shift, are com- 
pensated by repeated and improved estimation of the 
velocity of the user terminal 44 and use of the last de- 
termined estimation of the user terminal 44 position, as 
modified by the estimated movement of the user termi- 
nal on the basis of its best guess velocity, as the start 
position for an improved position and velocity estima- 
tion, until subsequent estimations agree within prede- 
termined limits. 
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DescrlptI n 

[0001] The present invention relates to satellite com- 
munication systems. The invention particularly relates 
to satellite communication systems where an earth s 
based user terminal communicates with a satellite which 
in turn communicates with an earth station, and vice ver- 
sa. Most particularly, the present invention relates to 
such a system where there is a requirement for the lo- 
cation of the user terminal, on the surface of the earth, 
to be known to the earth station. 
[0002] It is known, in a satellite communications, for 
a user terminal, perhaps in the form of a radiotelephone 
handset, not dissimilar to a cellular radio telephone 
handset, to communicate with an earth station, via a sat- 
ellite, to establish a telephone call or to receive a tele- 
phone call, by means of the earth station linking into the 
terrestrial wire and cable system or into another radio 
telephone system. 

[0003] There are twin purposes relating to establish- 
ing the exact position of the user terminal on the surface 
of the earth. Firstly, in order to know how to direct a radk^ 
signal to or from a user terminal, when required, from 
particular satellite at a particular time, it is necessary to 
know the approximate location of the user terminal so 
that the appropriate beam from the appropriate satellite 
can be selected to cover the portkxi of the Earth's sur- 
face where the user terminal is located. Secondly, in a 
satellite communication system, in order that call bar- 
ring, local billing or other restrictions based on the terri- 
tory wherein the user terminal may be operated can be 
observed, it is necessary to determine the k)cation of 
the user terminal with sufficient accuracy for the neces- 
sary restrictions to be imposed. 
[0004] It is known to provide a user terminal where the 
individual terminal employs "Global Positioning by Sat- 
ellite' (GPS) to determine, with some great accuracy, 
the position of the user terminal on the surface of the 
earth. The user terminal then transmits, to the earth sta- 
tion, via the satellite or satellites involved in communi- 
cations, its exact position which is then used by the earth 
station, in subsequent interactions with the user termi- 
nal, to control the fiscal and mechanical aspects of the 
communication activity with the user terminal. An exam- 
ple of such a system is to be found in European Patent 
EP 0562 374 by Motorola Corporation filed 27th March 
1993. 

[0005] Such systems require multiple frequency ca- 
pability from the handset, together with enhanced com- 
plication of the handset, in order that the handset may 
be capable both of communications and of GPS meas- 
urements. 

[0006] It is advantageous, therefore, to provide a sys- 
tem and method whereby the position, on the surface of 
the earth, of the user terminal or handset can be deter- 
mined with sufficient accuracy for communication and 
fiscal purposes without undue complication of the hand- 
set or user terminal and without the necessity of the pro- 
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vision of or access to a separate satellite system con- 
cerned with GPS. 

[0007] Methods of determining the position of the user 
terminal, on the surface of the earth, include the step of 
measuring the doppler frequency shift experienced be- 
tween the user terminal and the communications satel- 
lite. While the measurement of doppler shift against a 
user terminal which is static upon the surface of the 
earth provides an acceptable degree of accuracy in user 
terminal position determination, should the user termi- 
nal be in movement, relative to the surface of the earth, 
a considerable positional error can occur. The present 
invention seeks to provide a solution to the problem of 
determining the location of a user terminal or handset, 
on the surface of the earth, when interacting with a sat- 
ellite communication system, which can compensate for 
user terminal movement while empbying a doppler fre- 
quency shift measurement. 

[0008] According to one aspect, the present invention 
consists in a satellite communications system wherein 
a user terminal, on the surface of the earth, is operative 
to exchange signals, via a satellite, with an earth station, 
to perform a measuring operation to measure the char- 
acteristics of said signals to determine the position of 
the user terminal on the surface of the earth, said meas- 
uring operation including the measurement of doppler 
frequency shift between the satellite and the user termi- 
nal, said measurement of doppler frequency shift includ- 
ing estimating the component of user terminal velocity 
transverse to the direction between said satellite and 
said user terminal to establish an estimated improved 
position of said user terminal on the surface of the earth. 
[0009] The invention, further, provides a system, 
wherein said currently calculated, estimated, improved 
position is repeatedly and replaceably employed as the 
initial estimated position for said user terminal on the 
surface of the earth until differences between subse- 
quent cun-ently calculated positions are less than a pre- 
determined error apart. 

[0010] The invention, further, provides a system 
wherein the velocity, relative to the surface of the earth, 
of said user terminal, is also currently calculated and the 
currently calculated position of said user terminal is ex- 
trapolated, at the time of the subsequent measurement 
operation, to include the change of position resulting 
from said currently cak;ulated velocity. 
[0011] The invention, further, provides a system 
wherein said exchanged messages between said user 
terminal and said earth station are adapted to measure 
the doppler shift due to motion of said satellite relative 
to said user terminal and to measure the radio propaga- 
tion delay between said earth station and said user ter- 
minal. 

[0012] The invention, further, provides a system 
wherein said satellite is operative to send, to said earth 
station, a signal on a first generated frequency, and 
wherein earth station is operative to send a signal at a 
first known frequency to said satellite and wherein said 
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satellite is operative to use an internal oscillator to trans- 
pose said signal of a first known frequency and return 
the transposed signal to said earth station on a first 
transposed frequency, said earth station being opera- 
tive to measure said first generated frequency and said s 
first transposed frequency and to derive therefrom the 
doppter shift between said earth station and said satel- 
lite and the error In the Internal oscillator In said satellite. 
[0013] The invention, further provides a system 
wherein said earth station is operative, after having de- 
rived said doppler shift and said error In said Internal 
oscillator In said satellite, to cause said satellite to send 
a signal at a second known frequency to said user ter- 
minal, and wherein said user terminal is operative to use 
an internal oscillator to transpose said signal of a second 
known frequency and return the transposed signal to 
said earth station, through said satellite, on a second 
transposed frequency, and wherein said user terminal 
is operative to send, to said earth station, via said sat- 
ellite, a signal on a second generated frequency, said 
earth station being operative to measure said second 
transposed frequency and said second generated fre- 
quency, and operative to derive therefrom the doppler 
shift between said satellite and said user terminal and 
to derive the error in the internal oscillator in said user 
terminal. 

[0014] The invention is further explained, by way of 
example, by the following description, taken In conjunc- 
tion with the appended drawings. In which: 

Figure 1 shows a planar constellation of satellites 
disposed about the earth; 
Figure 2 illustrates how the satellites are disposed 
in orthogonal orbital planes; 
Figure 3 shows the structure of the cone of radio 
coverage provided by each satellite; 
Figure 4 shows how the cones of radio coverage, 
shown in figure 3 may Interact with the surtace of 
the earth to produce many types of different re- 
gions; 

Figure 5 is a view, from above, of a satellite above 
the surface of the earth, illustrative of the various 
motions relative to the earth; 
Figure 6 is a schematic view of the general situation 
where an earth station talks to a user terminal via 
the satellite to determine propagation delays be- 
tween the user terminal and the satellite; 
Figure 7 shows the geometry of doppler frequency 
shift measurement for the satellite; 
Figure 8 is a schematic representation of the ex- 
change of test signals between the earth station and 
the satellite to determine the relative doppler shift 
and internal oscillator error of the satellite; 
Figure 9 is a schematic representation of how a cal- 
ibrated satellite, according to figure 8, may. in turn, 
be used to determine the relative doppler shift be- 
tween the satellite and user terminal and the inter- 
nal oscillator rror in the user terminal. 
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Figure 1 0 shows how intersecting lines of measured 

doppler frequency shift and propagation delays 

may be used to measure the position of the user 

terminal on the surtace of the earth; 

Figure 11 is a graph showing the derivation of the 

optimal number of samples for best estimation of 

position; 

Figure 1 2 Is a chart showing, for the particular pre- 
ferred embodiment, the derived optimal number of 
samples for doppler frequency shift averaging; 
Figure 1 3 is a chart showing, for the partfcular pre- 
ferred embodiment, the derived optimal number of 
samples for propagation delay averaging; 
Figure 1 4 shows the situation where the user termi- 
nal has direct access to more than one satellite; 
Figure 1 5 is a flow chart of the activities of the earth 
station when determining the position of the user 
terminal on the surtace of the earth employing one 
satellite, or more than one satellite, if available; 
Figure 16 is a flow chart showing how the earth sta- 
tion can incorporate timed broadcasts in determin- 
ing the position of the user terminal on the surtace 
of the earth; and 

Figure 17 shows the situation wherein any move- 
ment of the user terminal, relative to the surtace of 
the earth, is the subject of compensation for an Im- 
proved positional estimation. 

[0015] In order for completeness of description and 
disclosure, a general explanation is first given as to how 
the satellite communications system measures the po- 
sition of the user terminal, on the surtace of the earth, 
assuming the user terminal to be static upon the surtace 
of the earth. It is to be understood that the same tech- 
niques of measurement are used In the present Inven- 
tion, being part of the embodiment of the invention, the 
derived data, however, being subject to compensation 
and correction according to the Invention. 
[0016] Attention is firstly drawn to Figure 1 which 
shows a planar constellation of satellites disposed about 
the earth. The plurality of satellites 10 are evenly dis- 
posed around a circular orbit 12 above the surtace of 
the earth 1 4. Each of the satellites 1 0 is designed to pro- 
vide radio communications with apparatus on the sur- 
face to the earth 14 when the individual satellite 10 is 
more than 10 degrees above the horizon. Each satellite 
1 0 therefore provides a cone 1 6 of radio coverage which 
Intersects with the surtace of the earth 14. 
[0017] The surface of the earth has three types of ar- 
eas. A first type of area 18 is one which has radio cov- 
erage from only one satellite 10. A second type of area 
20 is an area where there is radio coverage from more 
than one satellite 10. Finally, a third type of area 22 re- 
ceives radio coverage from none of the satellites 10 In 
the orbit 12 shown. 

[0018] Figure 2 illustrates how the satellites 10 are 

disposed in orthogonal orbital planes. 

[0019] The first orbit 12 of figure 1 is supplemented 
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by a second orbit 1 2' having satellites 1 0 disposed there 
about in a similar manner to that shown in figure 1 . The 
orbits 12' are orthogonal to one another, each being in- 
clined at 45 degrees to the equator 24 and having planes 
which are orthogonal (at 90 degrees ) to each other. 
[0020] In the example shown, the satellites 10 orbit 
above the surface of the earth 14 at an altitude of 10 
500km. Those skilled in the art will be aware that other 
orbital heights and numbers of satellites 10 may be used 
in each orbit 12, 12'. This configuration is preferred be- 
cause the example provides global radio coverage of 
the earth 1 4, even to the north 26 and south 28 poles, 
with a minimum number of satellites 1 0. In particular, the 
orthogonality of the orbits ensures that the satellites 10 
of the second orbit 12' provides radio coverage for the 
third types of area 22 of no radio coverage for the sat- 
ellites in the first orbit 1 2, and the satellites 1 0 in the first 
orbit 1 2 provide radio coverage for those areas 22 of the 
third type where the satellites 10 of the second orbit 12' 
provide no radio coverage. 

[0021] It will become clear that, although the two or- 
bits 1 2, 1 2' are here shown to be of the same radius, the 
invention as hereinbefore and hereinafter described will 
function with orbits 12, 12' of different radii. Equally, 
there may be more than two orbits 1 2, 1 2 '. So far as the 
present invention is concerned, the only requirement is 
that every part of the surface of the earth 14 is in receipt 
of radio coverage from at least one satellite 10 at all 
times. 

[0022] Figure 3 shows the structure of the cone 16 of 
radio coverage provided by each satellite 10. For con- 
venience, the radio coverage cone 1 6 is shown centred, 
on a map of the earth, at latitude Q degrees at longitude 
0 degrees. The cone 16 of radio coverage is divided into 
a plurality of spot beams 30, by means of a correspond- 
ing plurality of directional antennae on the satellite 10. 
The satellite 10 is intended for mobile radio telephone 
communications and each of the spot beams 30 corre- 
sponds, roughly, to the equivalent of a cell in a cellular 
radio telephone network. In figure 3, the cone of radio 
coverage 1 6 is distorted due to the geometry of the map 
of the earth's surface provided. Figure 3 also shows the 
extent of interaction of the cone 16 of radio coverage 
down to the edges of the cone 1 6 being tangential to the 
earth's surface, that is, to the point where the cone 16 
represents a horizontal incidence at its edges, with the 
surface of the earth. By contrast, figure 1 shows the 
cone 16 at a minimum of 10 degrees elevation to the 
surface of the earth. 

[0023] It is to be observed, that because of the curva- 
ture of the earth, the spot beams 30 are of near uniform, 
slightly overlapping circular shape at the centre where- 
as, at the edges, the oblique incidences of the spot 
beams 30 onto the surface of the earth 14 causes con- 
siderable distortion of shape. 
[0024] Figure 4 shows how the cones 1 6 of radio cov- 
erage may interact with the surface of the earth to pro- 
duce many types of different regbns. 



[0025] As discussed with reference to figure 1 , numer- 
ous cones of radio coverage 1 6 may overlap to produce 
first areas 1 8 where there is radio coverage by only one 
satellite, second areas 20 where there is radio coverage 

s by two satellites, and even fourth areas 32 where cov- 
erage Is provided by three or more satellites. It is to be 
understood that each of the cones 16 of radio coverage 
represented in figure 4 is divided, as shown in figure 3, 
Into Its own Independent set of spot beams 30. 

to [0026] Figure 5 is a view, from above, of a satellite 10 
above the surface of the earth. 
[0027] The satellite 10 comprises solar panels 34 for 
power supply, a downlink antenna 36 for sending bulk 
telephone traffic to one of a plurality of earth stations 38, 

IS and uplink antenna 40 for receiving general traffic from 
the earth stations 38. and a subscriber antenna 42 which 
provides the plurality of spot beams 30, shown in figure 
3, intended to provide communications with user termi- 
nals 44 which may be provided in a form not dissimilar 

20 to a hand held cellular radio telephone. It is to be under- 
stood that the user terminal 44 may also comprise more 
elaborate vehicle mounted equipment for use in land ve- 
hicles, ships and aircraft. 

[0028] With the parameters mentioned in this pre- 
2S ferred example, the satellite moves around its orbit 12 
12', as indicated by a first arrow 46, with a velocity of 
4.9km per second. Ignoring for the moment the rotation 
of the earth 14, the spot beams 30 also move across the 
surface of the earth 1 4 with a similar velocity along a 
30 ground track as indicated by a second arrow 48. The 
point immediately beneath the satellite, is known as the 
nadir 50. 

[0029] At the same time the earth 1 4 is rotating, at its 
equator with a velocity of 0.47km per second, as indi- 

35 cated by a third arrow 52. Directions, relative to the 
ground track 48, at 90 degrees thereto, are termed 
crosstrack as indicated by a fourth arrow 54. Hereinaf- 
ter, the positbn of the user terminal 44 is defined with 
reference to its distance along the ground track 48 and 

40 its distance along the cross track 54 with reference to 
the nadir 50. 

[0030] Figure 6 is a schematic view of the general sit- 
uation where an earth station 38 talks to a user terminal 
44 or via the satellite 10. 

45 [0031] The earth station 38 further comprises an earth 
station controller 56 which controls the activity of the 
earth station 38. The earth station 38 is located at a first 
point on the surface of the earth 1 4 and the u ser terminal 
44 may be at any other point on the surface of the earth 

50 within range of the satellite 10 when the satellite 10 is 
in range of the earth station 38. 
[0032] The earth station 38 communicates with the 
satellite 10 via an uplink radio link 58, via the uplink an- 
tenna 40 of figure 5, using frequencies In the band 51 50 

5$ to 5250 megahertz. The earth station 38 receives sig- 
nals from the satellite 1 0 via the downlink antenna 36 of 
figure 5 on a downlink radio link 60 using signals in the 
frequency range 6975 to 7075 megahertz. 
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[0033] The user terminal 44 receives signals from the 
satellite 10 via a user terminal ciownlink 62 using fre- 
quencies in the range 2170 to 2200 megahertz. The us- 
er terminal 44 sends messages and signals to the sat- 
ellite 10 via a user terminal uplink 64 operating In the 
trequency band 1980 to 2010 megahertz. These fre- 
quencies are merely exemplary and those skilled in the 
art will be aware from the following description, that the 
invention could be practised using numerous other fre- 
quencies for the uplinks and downlinks. 
[0034] Implicit in figure 6, but not specifically shown, 
is the fact that satellite 10 contains its own precise os- 
cillator, conveniently in the form of a crystal oscillator, 
which the satellite 10 uses for converting the frequen- 
cies of incoming and outgoing signals and for use as a 
frequency reference when synthesising frequencies. 
Likewise, the user terminal 44 contains its own internal 
synthesised oscillator, working from a master oscillator, 
preferable a crystal oscillator, for converting frequencies 
of incoming signals and synthesising the frequencies of 
outgoing signals. 

[0035] Equally, the earth station 38 and the earth sta- 
tion controller 56 between them contain, or have access 

to, extremely precise frequency references and time ref- 
erences. These references may actually be contained 
within the earth station 38 and the earth station control- 
ler 56, or may be derived from elsewhere via a land line 
or other sen^ice. 

[0036] The exact location, on the surface of the earth 
1 4, of the earth station 38, is known with great precision. 
Likewise, the parameters or the orbit 12 12' of the sat- 
ellite 10 and its position in that orbit, at any instant, are 
also known with great precision. The uncertain element, 
which is the purpose of the present invention to resolve, 
is the position of the user terminal 44 on the surface of 
the earth 14. 

[0037] Not previously mentioned, is the fact that the 
user terminal 44 transmits on the user terminal uplink 
64 to the subscriber antenna 42 and similarly receives 
on the user terminal downlink link 62 from the subscriber 
antenna 42. The satellite 10 will only be in communica- 
tion with one earth station 38 at a time, but may be in 
communication with a great many user terminals 44. 
Each user terminal will be in one particular spot beam 
30 of the plurality of spot beams shown in figure 3. 
[0038] The satellite 10 will be moving relative to the 
surface of the earth 14, and therefore relative to the 
earth station 38 and to the user terminal 44, as indicated 
in a fifth arrow 66. Likewise, the surface of the earth 14 
will be moving relative to the orbit 12 12' of the satellite 
10 as generically indicated by a sixth arrow 68. 
[0039] The signals exchanged between the earth sta- 
tion 38 and the satellite 10. in common with the signals 
exchange between the user terminal 44 and the satellite 
1 0, all are subject to a propagation delay and a frequen- 
cy shift, due to the motion of the satellite 10 relative to 
the earth station 38 and to the user terminal 44 caused 
by the doppter effect. The present Invention In part con- 
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cerns itself with means of employing the doppler shift in 
frequencies, due to the motion of the satellite 10. and 
measurement of the propagation delay, to determine the 
position of the user terminal 44 on the surface of the 
s earth 14. 

[0040] In the present invention, propagation delay is 
measured between the earth station 38 and the user ter- 
minal 44. The earth station 38 sends out a signal on the 
uplink radio link 58 to the satellite 10 which is, in turn, 

10 sent to the user terminal 44 via the user terminal down- 
link 62. Upon receipt of the signal from the earth station 
38, the user terminal waits for a predetermined period 
and then sends its own message, via the user terminal 
uplink 64 and the downlink radio link 60, back to the 

^5 earth station 38. The earth station controller 56 notes 
the elapse of time from the instant that the earth station 
38 began to transmit the message on the uplink radio 
link 58 and the instant when the earth station 38 began 
to receive the response message from the user terminal 

20 44 from the downlink radio link 60. The earth station con- 
troller 56 knows the propagation delay times for signals, 
through the satellite 1 0, from the uplink radio link 58 onto 
the user terminal downlink 62 and, correspondingly, the 
propagation delay through the satellite 10 between the 

25 user terminal uplink 64 and the downlink radio link 60. 
Equally, the earth station controller 56 knows, with pre- 
cision, the predetermined elapsed time employed by the 
user terminal 44 before it responds to the received mes- 
sage from the earth station 38. These propagation de- 

30 lays and the predetermined delay of the user terminal 
44 are subtracted, by the earth station controller 56, 
from the overall elapsed time to determine the actual 
propagation delay of the radio wave via the various links 
58, 60. 62, 64 in the return journey of the message from 

35 and to the earth station 38. The radio wave propagates 
always at the speed of light, which is constant. Because 
the position of the earth station 38. on the surtace of the 
earth, is precisely known, and because the positbn of 
the satellite 10 in its ort^it 12 1 2' is also precisely known, 

40 the sum of the propagation delays on the uplink radio 
link 58 and the downlink radio link 60 can be precisely 
calculated. The earth station controller 56 is already 
aware of the over all elapsed time for the propagation 
of the message along the radio paths 58, 60, 62, 64. By 

^ subtracting the cateulated delay on the radio path 58 60 
between the earth station 38 and the satellite 10 from 
the overall propagation delay, the propagation delay be- 
tween the user terminal 44 and the satellite 10 may be 
precisely measured. This means that, since the propa- 

so gation is entirely at the speed of light, the linear distance 
between the satellite 10 and the user terminal 44 is 
known. According to the propagation delay, the user ter- 
minal may exist on any point of a spherical surface cen- 
tred on the satellite 10. Because the spherical surtace 

ss intersects the surtace of the earth 14, and the user ter- 
minal 44 is on the surface of th earth, the location of 
the user terminal 44 may be inferred as being on the tine 
intersection of the spherical surface of the earth 14 and 
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the sphere of measured distance centred on the satellite 
10. 

[0041] Figure 7 shows the geometry of doppler fre- 
quency shift measurement for the satellite 10. As the 
satellite 10 moves as Indicated by a 7th arrow 70, the 
change in frequency of a radio signal sent from the sat- 
ellite 10 and the perceived frequency of a radio signal 
received by the satellite 10 from a fixed source such as 
the user terminal 44, depends upon the cosine of the 
angle between the satellite 10 and the recipient of a 
transmitted radio signal from the satellite or the source 
of a transmitted radio signal to the satellite 10. Accord- 
ingly, if we plot those regions in space for pre-deter- 
mined doppler frequency changes, there is obtained a 
series of coaxial cones 72 having the satellite 10 at their 
collective apex, extending towards infinity, and having, 
as their collected axis 74, the direction of the motion of 
the satellite 10 as indicated by the 7th arrow 70. Figure 
7 shows the cones 72 extending only for a finite dis- 
tance. It is to be understood that the cones 72 are of 
infinite extension. Likewise, figure 7 has only shown the 
cones "in front" of the satellite for radio frequencies re- 
ceivers or sources which the satellite 1 0 is approaching. 
It is to be understood that a corresponding set of coaxial 
cones 72 extend "behind" the satellite, having the same 
apex and axis. The doppler shift "in front" of the satellite 
10 is shown by an increase in frequency. The doppler 
shift "behind' the satellite 10 is provided by a corre- 
sponding decrease in frequency. 
[0042] Where the cones 72 cut the surface of the earth 
1 4, for a particular doppler frequency shift, defines a fur- 
ther line along which the user terminal 44 may be locat- 
ed. 

[0043] Referring again to figure 6, a doppler frequen- 
cy shift measurement is executed by the earth station 
38 providing a signal of known frequency on the uplink 
radio link 58. The satellite 10, using its own internal os- 
cillator, translates the frequency of the signal and pro- 
vides it on the user terminal downlink 62. The user ter- 
minal 44 then returns the signal via the user terminal 
uplink 64, once again to be converted in frequency by 
the internal oscillator of the satellite 1 0 and sent back to 
the earth station 38 via the downlink radio link 60. The 
earth station controller 56 measures the frequency of 
the downlink radio link 60 signal and deduces the dop- 
pler frequency shift, at the user terminal 44, resulting 
from the motion of the satellite 10 as indicated by the 
5th arrow 66. 

[0044] Figure 8 is a schematic diagram of the manner 
in which the earth station 38 and the earth station con- 
troller 56 interact with the satellite 10 to calibrate the er- 
rors and doppler shift experienced between the earth 
statbn 38 and the satellite 10. 
[0045] The earth station 38 sends a signal of know 
frequency f(1) on the uplink radio link 58 to the satellite 
10. The satellite 10 has an internal master oscillator 
whk^h controls all of the synthesised frequencies used 
by satellite 1 0. If the master oscillator has a proportional 
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error m, then any frequency, synthesised using the mas- 
ter oscillator, in the satellite, is proportionally in error, so 
that: 

5 

f (actual) = (l-fm)f (intended) 

Likewise, the satellite 10 is moving with respect to the 
earth station 38, thus Introducing a proportional doppler 
10 shift, let us call ltd, so that, no matter whether the signal 
goes from the earth station 38 to the satellite 10, or from 
the satellite 10 to the earth station 38: 

^5 f (received) = (1 4d)f (sent) 

Thus, if the earth station sends a frequency f(1) on the 
uplink radio link 58 to the satellite 1 0, because of doppler 
shift the satellite receives a frequency 

20 

f (received at satellite) = f(l)(1+d) 

Now, the satellite employs a frequency changer 76 to 
25 convert the signal, received from the earth station 38, to 
a frequency suitable for use via the subscriber antenna 
42. In order so to do, the satellite 10 synthesises an in- 
tended frequency f (2) to be subtracted from the frequen- 
cy of the signal received at the satellite 10 from the earth 
30 station 38. The Intended frequency f(2) is subject to the 
proportional error in the master oscillator on the satellite 
10, and so becomes f(2)(1+m). 
[0046] The output of the frequency changer 76 is thus: 

f(1)(1+d)-f(2)(1+m) 

and this is sent, back to the earth station 1 0. via the sub- 
scriber antenna 42. But the satellite 1 0 is moving, and 
40 thus imparts a further doppler shift. Thus, the frequency 
received by the earth station 38 from the subscriber an- 
tenna 42. let us call it f(R1), is given by 



The earth station controller 56 measures f(R1) with ex- 
treme preciswn. Thus. f(R1), f(1) and f(2) are all known 
numbers, but m and d are unknown. Expanding the ex- 
50 pression for f (R1 ) we obtain 

f (R1 ) = (f (1 ) - f(2)) + d(2f (1 ) + df (1 )) . mdf (2) - f (2)m 

55 The second order terms d2f(l ) and mdf (2) are insignifi- 
cant compared to th other terms, and can be ignored. 
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Thus t(R1) = t(1) -t(2) +d(2f{1) +f(2))- mf(2)) 

The satellite 10 synthesises a third signal, with frequen- 
cy f (3), which it sends a the downlink radio link 60 to the 
earth station 38. The third signal f(3) is subject to the 
proportional error of the master oscillator in the satellite 
10. Thus, the actual frequency sent on the downlink ra- 
dio link 60 becomes: 

(1+m)f 3) 

Since the satellite 10 is moving, the signal on the down- 
link radio link 60 is also subject to doppler shift. The fre- 
quency, f(R2), received at the earth station 38 on the 
downlink radio link 60 is thus given by: 

f(R2) = (1+d){1+m)f(3) 

thus 

f(R2) = f(3) +df(3)+nr)f(3)+nridf (3) 

The second order term mdf(3) is very small compared 
to the other terms and can be ignored. This leaves the 
folh>wing equations. 

f(R1) = f(1)-f(2)+d(2f(1H(2))-mf(2) 

and 

f(R2) = f3(1+d+m) 

Now, f(1), f(2) and f(3) are precisely know numbers and 
f(R1) and f(R2) are accurately measured and thus 
known. This reduces the equations to being two simul- 
taneous equations in two unknowns, namely m and d, 
which can thus be solved for the unknowns. 
[0047] Figure 9 is a schematic view of how the earth 
station 38 measures the proportional doppler shift error 
and master oscillator error on the user terminal 44. 
[0048] The earth station 38 and the earth station con- 
troller 56 first 'calibrate' the satellite 10 as described with 
reference to figure 8. Being able to predict the behaviour 
the satellite 10, the earth station 38 effectively moves 
its point of operation from the surface of the earth 14 
and places it at the satellite 1 0. The satellite 1 0 will show 
a different doppler shift with respect to the earth station 
38 than it displays with respect to the user terminal 38. 
[0049] The subscriber antenna 42 and the frequency 
changer 76 are shown twice in the satellite 10 simply to 
indicate that two paths exist, where the earth station 38 
receives signals from the user terminal 44 via the satel- 
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lite 10 and the earth station 38 sends signals to the user 
terminal 44 via the satellite 10. 
[0050] Firstly, the earth station 38 sends a signal on 
the uplink 58 which is transposed by the frequency 

s changer 76 and sent down on the user terminal downlink 
62 to the user terminal 44. The user temninal 44 makes 
a measurement of the signal on the user terminal down- 
link 62, transposes its frequency by a nominal fixed 
amount and resends the transposed signal on the user 

^0 terminal uplink 64 to the satellite 10 via the subscriber 
antenna 42 to be transposed via the mixer 76 and sent, 
via the downlink radio link 60, to the earth station 38 
where the earth station controller 56 makes an accurate 
frequency measurement. The user terminal 44 also 

IS makes an independent transmission, via the satellite, as 
described, at a nominal frequency, known to the earth 
station 38 and its controller 56. 
[0051] A moment of reflection will show that precisely 
the same method has been used by the earth station 

20 38, extended via the 'calibrated' satellite 1 0, to measure 
the errors of the user terminal 44, as the earth station 
38 used to 'calibrate' the satellite. There has been one 
loop • back frequency measurement, and one independ- 
ent signal at a nominal synthesised frequency. The earth 

25 station controller 56 corrects for the 'calibration' of the 
satelIKe, and once again works out the two equations in 
two unknowns to solve for the satellite 10 to user termi- 
nal 44 doppler shift and to solve for the proportional error 
in the master oscillator in the user terminal 44. 

30 [0052] Figure 1 0 shows how measurement of Doppler 
frequency shift and delays can be used to locate a user 
terminal 44 on the surface of the earth 14. 
[0053] in Figure 10. the horizontal axis 78 corre- 
sponds to measurement in the direction of the second 

35 arrow 48 of figure 5 along th e ground track. The vertical 
axis 80 corresponds to measurement along the cross 
track as Indicated by the fourth arrow 54 in figure 6. 
[0054] Only one quadrant is shown. It is to be under- 
stood that the pattern, as shown, is symmetrical about 

40 the axes in all four quadrants. 

[0055] The delay measurements, described with ref- 
erence to figure 6, create a series of delay contours 82, 
approximating to circles centred on the nadir 50 which 
corresponds to the point 00 in figure 10. Whereas the 

45 delay contours 82 represent the intersections of spheres 
of constant delay centred on the satellite, doppler con- 
tours 84 represent the lines of intersection of the plurality 
of coaxial cones 72 described in relation to figure 7. The 
figures given for the doppler contours relate to the dop- 

50 pier shift, in milliseconds, corresponding to the position, 
on the surface of the earth 14, where the user terminal 
44 might be situated. Likewise, the figures adjacent to 
the delay contours 82 indicate the particular delay in mil- 
liseconds, for that particular delay contour 82 and that 

55 was the particular position on the surface of the earth 
14. Various figures are shown in degrees, being the an- 
gle of elevation from the user terminal 44 to the satellite 
10 if It were In that location. Figure 10 extends out to a 



7 



13 



EP 0 901 240 A2 



14 



minimum elevation of 10 degrees, wliicli, in Xh\s in- 
stance, is tlie operational minimal of the satellite com- 
munications system which holds the example given as 
the preferred embodiment of the present invention. 
[0056] Also shown in Figure 1 0, overlaid, are some of ^ 
the spot beams 30 described with reference to figure 3 
and 4. It is to be understood that spot beams 30 fill the 
entirety of the four quadrants. Only a few spot beams 
30 have here been shown to avoid undue cluttering and 
complication of figure 10. 

[0057] Essentially, on the basis of a single delay 
measurement as described with reference to figure 6, 
and a single Doppter frequency shift measurement as 
described with reference to figure 8 and 9. it is possible 
to estimate the position of the user terminal 44 on the 
surface of the earth 1 4 at that point where its particular 
delay contour 82 and Doppier contour 84 cross. 
[0058] Because there exist 4 quadrants, there is a de- 
gree of ambiguity in determining which of the four quad- 
rants the user terminal 44 might be situated. This is re- 
solved by noting which of the plurality of spot beams 30 
received the signal from the user terminal 44. 
[0059] It is to be observed, in figure 10, that the Dop- 
pier contours 84 are in fact drawn as a pair of lines rather 
than a single tine. This is to represent the proportional 
error In the measurement. Close to the nadir 50, the 
lines in the doppter contour 84 are close together indi- 
cating a small positional error. By contrast, at large dis- 
tances along the ground track shown by the horizontal 
axis 78, the pairs of lines in the doppier contours 84 be- 
come wider apart indicating a greater error. By contrast, 
although the delay contours 82 are also pairs of lines 
indicating an uncertainty, in the accuracy of the meas- 
urement, the pairs of lines in the delay contours are 
much closer together. 

[0060] In order to overcome the rather large errors in 
the doppier contours 84 at great distances along the 
ground track as indicated by the horizontal likes of 78, 
an averaging process in undertaken. 
[0061] Figure 11 shows a surprising result. If no cor- 
rection is made for the movement of the earth 1 4 relative 
to the nadir 50 of the satellite 10, or of the orbital velocity 
of the satellite 1 0 relative to the earth, the actual position 
of the user terminal 44, as shown in figure 11, relative 
to the satellite 1 0, steadily increases with time as shown 
by the solid line 86. Each measurement of the doppier 
shift and of the delay takes a predetermined period. Ac- 
cordingly, the positional error as shown by the solid line 
86 increases steadily with the number of measurements 
made. 

[0062] The positional error, as measured, falls, by well 
known statistical principles, by the root of the sum of the 
squares. For example, if a hundred samples are taken, 
the average error falls to one tenth. If ten thousand sam- 
ples are taken, the average error falls to one hunndreth. 
If a million samples are taken, the average error falls to 
one thousandth, and so on. Broken line 88 indicates the 
falling rate of measured positional error against the 



number of samples. 

[0063] The dotted line 90 represents the sum of the 
broken line 88 and the solid line 86 indicating the actual 
positional error against the number of samples. It is to 
be noted that there is a minimum region 92 where the 
measured positional error is at its least, fewer numbers 
of measurement producing a greater measured posi- 
tional error, and greater numbers of measurements also 
producing a greater measured position error. It is to be 
observed that the minimum region 92 is quite flat and 
there are a range of values N(1) to N(2) between which 
the measured positional error is more or less at a mini- 
mum. An optimum number of numbers of measure- 
ments may thus be selected between the numbers N(1 ) 
and N(2) which will give the best positional estimation. 
The exact number of optimum measurements depends 
very much upon the initial measurement error. Return- 
ing, briefly, to figure 10, the slope of the broken tine 88 
representing the improvement of positional error in 
terms of the number of measurements taken, being a 
square root, it is to be observed that the delay contour 
lines 82 start off with a relatively small error so that, in- 
terpreting the graphs of figure 11, a relatively small 
number of measurements would be required to produce 
an optimum number of measurements. Conversely, the 
doppier contours 84, along the ground track is indicated 
by the horizontal axis 78 are relatively large so that the 
slope of the broken line 88 is relatively shallow, demand- 
ing a relatively large number of measurements to 
achieve a best estimation of positional error 
[0064] Figure 12 is a first quadrant indication of the 
optimal number of measurements to be taken for each 
of the spot beam 30 depending upon the beam in which 
the user terminal 44 is found, for each of these spot 
beams 30, for doppier shift measurements, according 
to the preferred embodiment illustrating the present In- 
vention. It will be seen that numbers of optimum meas- 
urements range from 90 to 42. If other sampling rates 
and satellite orbital heights are chosen, other optimum 
numbers of measurement apply. 
[0065] Likewise, figure 13 shows the optimum 
number of bursts or samples for each of the spot beams 
30 for delay measurements as described with reference 
to figure 6. Surprisingly, the optimum number of samples 
ranges from 201 near the nadir along the cross track as 
indicated by the vertical lines 80 and drops to surprising 
low values at the periphery of the spot beams 30. 
[0066] The Foregoing description applies to those ar- 
eas 18. as shown in figures 1 and 4. as having single 
radio coverage from a satellite 10. The following de- 
scription applies to those areas 20. shown in figures 1 
and 4, where there is multiple radio coverage from the 
satellite 10. 

[0067] Figure 14 shows the situation where the user 
terminal 44 on the surface of the earth 1 4 has radio cov- 
erage from more than one satellite 10. 10'. Ideally, the 
two satellites 10' should both be visible to the user ter- 
minal 44 and to a single earth station 38. However, it is 
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possible that a satellite 10' may be visible of the user 
terminal 44 but not the single earth station 38. Alterna- 
tively, the other satellite 10' will be visible to another 
earth station 38'. This is not a problem since both earth 
stations 38 38' may be joined by a ground communica- 
tion line 94 where data, derived from the satellite 10 10' 
and the user terminal may be exchanged for one of the 
earth statbns 38 to act as a master In determining the 
position of the user temiinal 44 on the surface of the 
earth 14. 

[0068] If more than one satellite 10 10' is visible, or 
has been visible in the near past, instead of executing 
a doppler ranging operation as described with reference 
to figures 7, 8, 9, 10, 11 and 12, a simple time delay 
measurement is executed as described with reference 
to figures 6, 1 0, 1 1 and 1 3. An earth station 38 38' sends 
a signal to each of the satellites 1010' and, as previously 
described, and measures the propagation delay be- 
tween the satellite 10 10' and the user terminal 44. 
[0069] As earlier described with reference to figure 6, 
the delay measurements generate, as the possible po- 
sition of the user terminal 44 relative to the satellite 10, 
a spherical surface, centred on each of the satellites 10 
10' which intersect with each other, and with the surface 
of the earth 14, to give a unique location for the user 
terminal 44 on the surface of the earth 14, subject to 
ambiguity resolution, hereinbefore described. If the user 
terminal is assumed to be on the surface of the earth, 
only two satellite propagation delays are necessary for 
absolute location of the user terminal. If more than 3 sat- 
ellites 10 10' are so used, the user terminal 44 may be 
absolutely located in space, also allowing for altitude 
variations on the surface of the earth 14. It Is to be noted, 
with reference to the description of figure 10, that the 
delay contours 82 are considerably more accurate, par- 
ticularly at extreme range from the nadir 50 along the 
ground track as indicated by the horizontal likes of 78, 
than are the doppler contours 84. Accordingly, the meth- 
od of measurement of the position of the user terminal 
44 on the surface of the earth 1 4 describe with reference 
to figure 14 is more accurate. 
[0070] Accordingly, the invention concerns itself with, 
in what manner, the position of the user terminal 44 is 
to be determined on the surface of the earth 14. Where 
only one satellite 10 is visible, the ranging method 
shown in figure 10 is employed. When more than one 
satellite is visible, the position determined method de- 
scribed In relation to figure 14 is employed. 
[0071] Attention is now drawn to figure 15 which 
shows the activity of the earth station controller 56 in 
that one of the earth stations 38 38' which executes the 
position determination for the user terminal 44. 
[0072] In a first operation 96 the earth station 98 lis- 
tens for a request of some kind of the user terminal 44. 
If a first test 98 fails to detect a call from the user terminal 
44, control is passed back to the first operation 96. If the 
first test 98 determines that the earth station 38 has 
been polled by the user terminal 44, control is passed 
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to a second operation 98. The second operation 98 
sends a transmission, via the satellite 10, to the user 
terminal 44 as described with reference to figure 6, 9 
and 10. It is to be presumed that the operation of figure 
s 8. where the satellite is "calibrated", has already been 
executed. If the operation described with reference to 
figure 8 has not been executed, the second operation 
100 executes the necessary calibration of the satellite 
10. 

[0073] The second operation 100 also analyses the 
results from the doppler frequency shift measurement 
and from the time delay measurement based on one 
mutual transmission between the earth station 38 and 
the user terminal 44 to give a guess as to the position 
of the user tenninal 44 on the surface of the earth 44. 
[0074] The earth station 38, having made an approx- 
imate estimate of the position of the user terminal 44. 
on the surface of the earth, is then in a position to de- 
termine whether or not the user terminal 44 will be visible 
to more than one satellite 10. If a second test 102 de- 
cides that only one satellite is visible, control passes to 
a third operation 104 which determines which one out 
of the plurality of spot beams 30 Is occupied by the user 
terminal 44. This information may also be known by the 
earth station 38 based on which of the spot beams 30 
the signal from the user terminal 44 was received. 
[0075] Control passes from the third operation 1 04 to 
a fourth operatfon 106 where, with reference to figure 
12 on its associated description, depending upon which 
spot beam 30 is occupied by the user terminal 44, the 
optimum number of samples by message exchange is 
executed. This gives the greatest provision In position 
determination as described with reference to figure 11. 
[0076] When the fourth operation 106 has performed 
its necessary function, control passes to a fifth operation 
108 where delay measurements are made, as de- 
scribed with reference to figure 6. for the optimum 
number of samples for delay measurement as de- 
scribed with reference to figures 11 and 14. 
[0077] The fourth 1 06 and fifth operations 1 08 may be 
conducted simultaneously, the number of sampling in- 
stance being the larger of which ever is greater for dop- 
pler shift or delay measurement as shown as reference 
to figures 12 and 1 3 for a particular spot beam 30, and 
the result being analysed for the lesser number only up 
to the smaller number required, later results being dis- 
carded. 

[0078] The sum of the function of the fourth operation 
106 and the fifth operation 108 is to give the best esti- 
mate, based on the style of position analysis described 
with reference to figure 10 where spheres of constant 
time delay and cones of constant doppler shift intersect 
the surface of the earth 14. 

[0079] At termination of the fifth operation 1 08, control 
is passed to a sixth operation 110 where any necessary 
communications operation is executed. This may com- 
prise a telephone call, a request for updating of position 
and status, or whatever else may be required. If a third 
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test 1 1 2 depicts that the necessary operation of the sixth 
operation 110 Is terminated, control returns to the first 
operation 96 where the earth station 38 once again lis- 
tens for the user terminal 44 through the satellite 10. 
[0080] Returning to the second test 102, it has been 
detected that there is just not a single satellite, control 
is passed to a fourth test 114 which determines if there 
is more than one satellite present. If the fourth test 114 
detects that there is a plurality of satellites 1 0 available, 
control passes to a seventh operation 116 where the 
earth station 38 via the earth station controller 56. de- 
termines for which of the plurality of spot beams 30 for 
each satellite the user terminal 44 is accessible. There- 
after, control passes to an eighth operation 118 where 
the earth station 38 exchanges the optimum number of 
radio bursts for each satellite 10 according to figure 6 
and Its associated description, and according to figures 
10 and 13 and their associated description. Once the 
position of the user terminal 44 has been detemiined by 
the eighth operation 118, control passes to the sixth op- 
eration 1 1 0 and thereafter as earlier described, back to 
the first operation 96. 

[0081] If the fourth test 114 finds no satellites availa- 
ble, an unusual situation but none the less possible due 
to environmental blockage, control passes to a ninth op- 
eration 1 20 where the overall operation is aborted. Con- 
trol then passes to a tenth operation where the earth 
statbn 38 assumes the rough position of the user ter- 
minal 44 based on the single burst doppler shift and de- 
lay measurements executed in the second operation 
100. 

[0082] After the tenth operation 122, control passes 
to the sixth operation 110 whk;h performs any necessary 
operations, which, in this instance, might be for the earth 
station 38 to attempt to establish contact with the user 
terminal 44, or, perhaps, even to do nothing. 
[0083] Control then passes back to the first operation 
96. 

[0084] Figure 1 6 shows the activity of the user termi- 
nal 44 as it co-operates with the earth station 38 in yet 
a further alternative for locating the user terminal 44 in 
the surface of the earth 14. 

[0085] The individual satellKes 1 0, at periodical inter- 
vals, send out broadcast messages, on all of the spot 
beams 30. intended to be received by all user terminals 
44. The broadcast message, from each satellite, origi- 
nates originally, from an earth station 38 and contains 
information which identifies from which satellite the 
broadcast message is emanated. The time of transmis- 
sion of the broadcast message is accurately known be- 
cause, as described with reference to figure 6, the earth 
station is aware of the precise distance between itself 
and the satellite 10. Equally, as shown in figure 14, dif- 
ferent earth stations 38' can instruct different satellites 
10' to provide a broadcast message. Each earth station 
38' is aware of the position of the satellite 10 at all times 
and will also be aware of the identity of the earth station 
38 38* from which the broadcast message originated. As 
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an alternative, the broadcast message can also include 
indicatbn from which earth station it originated. 
[0086] In any event, it is merely necessary to note the 
time of arrival of a broadcast message at a user terminal 
5 44, and to know from which satellite 10 it originated, in 
order, effectively, to do a ranging "propagation delay" 
measurement on the user terminal 44 from the satellite 
10. Once again, a sphere of fixed delay, in terms of dis- 
tance, describes the potential locus of the user terminal 
44 about the central satellite 10, and the user terminal 
44 can lie on the line of intersection of the sphere cen- 
tred on the satellite 1 0, with the surface of the earth 1 4. 
[0087] Returning once again to figure 1 6, the user ter- 
minal, in an 11th operation 124, listens for the broadcast 
messages from the satellites 10 until a fifth test 126 de- 
tects that a satellite has been heard. Control then pass- 
es to a 12th operation 128 where the user terminal, us- 
ing an internal clock, notes and stores the instant of re- 
ceipt of the message from the satellite 10 together with 
the identity of the particular satellite 10 from which the 
message originated. The user terminal 44 keeps a 
record of the last several satellites 10 to be heard. 
[0088] Control then passes to a sixth test 1 30 which 
checks to see if the user terminal 44 Is required to re- 
spond to the satellite 10. If no response is required, con- 
trol passes back to the 11th operation 124 where the 
user terminal once again listens for broadcast messag- 
es from the satellite 10. 

[0089] If the sixth test 130 determines that the user 
terminal 44 is required to respond in some manner, per- 
haps for communications or registration purposes, con- 
trol passes to a seventh test 132 which checks to see if 
only one satellite 1 0 is visible, or more than one satellite 
10 is visible. This can be established from the list com- 
piled in the 12th operation 128. 
[0090] If the seventh test 1 32 detects that there is only 
one satellite visible, control passes to a thirteenth oper- 
ation 1 34 where the user terminal 44 responds to delay 
and doppler measurements as indicated with reference 
to figures 6 to 13. The user terminal 44 also sends, to 
the earth station 38 the list of times and identities of 
heard satellites 10 which was accumulated by the 12th 
operation 128. 

[0091] The earth station controller 56 then combines 
all of these measurements and will know the position of 
the user terminal 44 on the surface of the earth 14. Con- 
trol next passes to a fourteenth operation 1 36 where the 
user terminal 44 proceeds with whatever activity is re- 
quired of it until an eighth test 1 38 detects that the ac- 
tivity is over and passes control back to the eleventh 
operation 124 where the user terminal 44 listens for 
messages from the satellites 10. 
[0092] If the seventh test 1 32 detects that more than 
one satellite present, control passes to a fifteenth activ- 
ity 140 where the user terminal 44 responds to a prop- 
agation delay measurement from each of the satellites 
1 0 1 0' as described with reference to figures 1 4 and 1 5. 
The user terminal 44 also reports, to the earth statk)n 
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38, the contents of the list accumulated in the twelfth 
operation 128 during the time of receipt and identity of 
satellite broadcast messages. 
[0093] At th is point, the earth station 38 with which the 
user terminal 44 is interactive will have sufficient infor- 
mation to determine the position of the user terminal 44 
along the surface of the earth 14. 
[0094] The fifteenth activity 140 having being com- 
pleted, control passes to the fourteenth activity 136 
which proceeds with whatever activity the user terminal 
is required to perform and then, via the eighth test 1 38, 
returns control to the eleventh operation 124 where the 
user terminal 44 continues to listen to broadcast mes- 
sages from satellites 10. 

[0095] It is to be noted that, if there are sufficient read- 
ings listed by the twelfth operation 1 28 and the user ter- 
minal 44 has not been moving any significant distance 
over time, then the position of the user terminal 44 on 
the surface of the earth 14, may adequately and accu- 
rately be measured simply on the basis of the record 
accumulated by the twelfth operation 1 28 thus dispens- 
ing with the necessity in the fifteenth activity 140 to 
measure delays from each visible satellite or. In the thir- 
teenth activity 1 34 to perform a doppler measurement 
together with a delay measurement, 
[0096] Equally, in the thirteenth activity 134, tf the 
combined propagation delay and Doppler frequency 
shift measurement produces a location which roughly 
corresponds to the location resulting from intersection 
of the spheres of constant delay as determined from the 
list of broadcast receipt times and satellite identities as 
collected by the twelfth operation 1 28, and this latter de- 
termination is more accurate, then the earth station 38, 
through its earth station controller 56, can opt to use the 
latter determination. 

[0097] Another extremely significant element of the 
compilation of the list by the twelfth operation 128 and 
its being reported by the thirteenth operation 134 and 
the fifteenth activity 140 is very simply that the position 
of the user terminal 44 on the surtace o1 the earth, can 
be measured using satellites 1 0 which are no longer vis- 
ible to the user terminal 44. This is in contrast to all other 
methods which require that a satellite 1 0, used for a po- 
sition determination, should be visible to the user termi- 
nal 44. 

[0098] The user terminal 44 comprises an Internal 
clock. This clock, of course, has relative inaccuracies. 
The earth station 38, in combination with the earth sta- 
tion controller 56, possess a very accurate clock. In or- 
der for the earth station 38 properly to use the list gath- 
ered by the 1 2th operation 1 28, it is necessary to correct 
the errors in the clock on the user terminal This is very 
simply done. The earth station 38, at a first known in- 
stant, requests the user terminal 44 to indicate the time, 
on its clock to the earth station 38. The earth station 38 
knows the propagation delay between itself and the user 
terminal 44. The time of response, by the user terminal 
44, is thus very accurately known. Having noted what 
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time the user terminal clock believes it to be, the earth 
station 38 and the earth station controller 56 wait for a 
predetermined period, perhaps one second, and re- 
quest that the user terminal 44 once again tells the earth 

s station 38 what time the user terminal thinks it is. The 
earth station 38 thus has two readings from which the 
rate of drift of the clock on the user terminal 44 and the 
accumulated timing error can be determined. The earth 
station 38, with the earth station controller 56, can thus 

10 extrapolate using the known drifts and errors, the times 
recorded in the list generated by the twelfth operation 
1 28. The corrected times are then compared with the 
known times of transmission from each satellite 10 of 
the particular broadcast messages. The earth station 

IS controller 56 can then calculate the propagation delay 
between each satellite and the user terminal. Since the 
position of each satellite is accurately known, it is pos- 
sible to determine the range of the user terminal 44 from 
the particular satellite which did the broadcasting. 

20 [0099] The previously described measures can be 
used singly, multiply or in any combination to detemnine 
the location of the user terminal 44 on the surface of the 
earth 14. If two satellites are visible, the present inven- 
tion also includes the possibility of using a doppler fre- 

25 quency shift measurement from each of the satellites to 
determine the position of the user terminal 44. 
[01 00] Having thus described how the position of the 
user terminal is determined on the assumption of the 
user terminal being static upon the surface of the earth, 

30 the following descriptbn relates to the subject matter of 
the present invention. 

[0101] Examination of figure 10 shows the doppler 
shift contours 84 as pairs of lines representing the po- 
sitioning error caused by a frequency error of plus or 

3S minus 30 Hz. In the worst case, along the base line (hor- 
izontal axis or ground track 48) of figure 10, at around 
6000 Km from the nadir 50 on the ground track 48, the 
error becomes as large as (or larger than) plus or minus 
200 Km. This is the worst case, and at ail other locations 

40 the positional error is less. None the less, at 200Km per 
30 Hz error, the positbnal reading error caused by dop- 
pler motion becomes considerable at a worst case of 
around 7km per Hz. 

[0102] At low (non-relalivistic) velocities the expres- 
45 sion for doppler shift due to motion is the original fre- 
quency multiplied by the proportion of the speed of light 
of the source. In the particular embodiment of the inven- 
tion, the original frequency, used by the user terminal 
44 and the satellite 10 when estimating doppler shift, is 
50 two gigahertz. The speed of light is 300 million metres 
per second. These figures give (approximately) 6.7 Hz 
error for each metre per second that the user terminal 
44 is moving towards or away from (relative to) the sat- 
ellite 1 0. At the error rate of 200 km per 30 Hz the posl- 
55 tional error due to additional user terminal 44 motion 
comes out at around 50Km per meter per second. The 
cosine law prevails. If the user terminal 44 is moving 
across the line between the satellite 10 and the user ter- 
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minal, there is no error. If the user terminal 44 is moving 
along the line between the satellite 10 and the user ter- 
minal 44, the error Is maximum. Between these two ex- 
tremes, the contribution is scaled according to the co- 
sine of the angle between the motion of the user terminal 
44 relative to the line between the satellite 10 and the 
user terminal 44. 

[0103] In order to compensate for this error, It is nec- 
essary to calculate or estimate the component of the us- 
er terminal 44 velocity which is parallel to the line be- 
tween the nadir and the user terminal 44 and apply a 
suitable correction to the measured position. 
[0104] Figure X is a schematic diagram of the manner 
in which the satellite 10 can be used to eliminate the 
error producing effect of the movement of the user ter- 
minal 44 relative to the surface of the earth 14. 
[01 05] At a first satellite position 1 42 in its orbit 1 2 the 
satellite 10, as earlier described, executes a doppler fre- 
quency shift ranging operation on the user terminal 44 
at a first real position 144 subtending an angle B(1) to 
the orbit of the satellite 1 0. Because of the doppler shift 
caused by the movement of the user terminal 44 relative 
to the surface of the earth 14, and any other frequency 
offsets or errors, the user terminal 44 appears to lie at 
a first apparent position 146 subtending an angle B(1)' 
relative to the orbit 1 2 of the satellite 10. 
[0106] After the elapse of a time T, the satellite 10 
again uses doppler shift to estimate the position of the 
user terminal 44 on the surface of the earth 14, In the 
time T the user terminal has moved a distance 0 along 
the ground track 48 of the satellite 10. Assuming that 
the movement of the user terminal 44, relative to the sur- 
face of the earth 14, has remained constant during the 
inten/al T, the original errors remain fixed. This means 
that, instead of locating the user terminal 44 at a second 
actual position 1 48 subtending an angle B(2) to the orbit 
1 2 of the satellite 1 0, the user terminal 44 appears to be 
at a second apparent position 150 relative to the line 
between the nadir 50 and the user terminal 44 subtend- 
ing an angle B(2)'to the orbit 12 of the satellite 10. Now, 
had the user terminal 44 not been moving, the constan- 
cy of the frequency errors would ensure that the dis- 
tance between the first actual position 144 and the first 
apparent position 1 46 was substantially the same as the 
distance between the second actual position 148 and 
the second apparent position 150. However, the user 
terminal has nnoved by a distance D between the two 
measurements. This is detected as a direct change In 
the estimated position along the line between the nadir 
50 and the user terminal 44. In making a correction for 
user terminal 44 movement, it is merely necessary to 
find that portion of the movement of the user temninal 
44 which is parallel to the line between the user terminal 
44 and the nadir 50. The distance D is obtained by ex- 
trapolating, as in figure 10. the two found positions back 
along the doppler contours 84 to the ground track. This 
results in an estimate of the change in position (D) of 
the user terminal 44 In a fixed time (T) along the ground 



track 48 and a measurement of the velocity component 
along the ground track 48 by the simple ratio: 

V(ut)= (D/T) 

[01 07] Thus, knowing the velocity it is possible to cal- 
culate the change In frequency produced from 

Delta (f) = F(V(UTyC) 

[01 08] This frequency error (Delta(f )) is then removed 
in the calculations made when position of the user ter- 
minal 44 is calculated from measurements. Thus, the 
first measurement is revised so that the new found po- 
sition of the user terminal is closer to the first actual po- 
sition 1 44 than was the first apparent position 1 46. Like- 
wise, revision of the second measurement will find a 
second found position which is closer to the second ac- 
tual position than was the second apparent position. In 
this manner, is possible to remove the Doppler shift 
component from the position estimations (146, 150) at 
the first and second apparent positions to tie nearer to 
the first and second actual positions 144 146. 
[0109] As earlier stated, the correction is only approx- 
imate, and compensates only for the transverse move- 
ment of the user terminal 44 along the line between the 
user terminal 44 and the nadir 50. The corrected position 
will not be as exact as true measurement errors might 
imply To overcome this inexactitute, and to refine the 
technique, the above described process is repeated a 
plural number of times, each repeat assuming the posi- 
tion for the user terminal 44 which resulted from the cor- 
rection of the previous process. Each subsequent proc- 
ess also estimates the velocity and direction of move- 
ment of the user terminal 44 and calculates where the 
user terminal 44 is expected to be at the next measure- 
ment. When the variation between successive posi- 
tions, as modified by the known (estimated) velocity of 
the user terminal, compared with the expected posi- 
tions, reaches a predetermined, acceptably bw figure, 
the repeated processes are stopped and the location of 
the user terminal 44 on the surface of the earth 14 is 
deemed to have been found. 



Claims 

1. A satellite communications system wherein a user 
terminal, on the surface of the earth, Is operative to 
exchange signals, via a satellite, with an earth sta- 
tion, to perform a measuring operation to measure 
the characteristics of said signals to determine the 
position of the user terminal on the surface of the 
earth, said measuring operation including the 
measurement of doppler frequency shift between 
the satellite and the user terminal, charact ris d 
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by said measurement of doppler frequency shift be- 
ing used to estimate the component of user temilnal 
velocity transverse to the direction between said 
satellite and said user terminal to establish an esti- 
mated improved position of said user terminal on s 
the surface of the earth. 



erated frequency, said earth station being operative 
to measure said second transposed frequency and 
said second generated frequency, and operative to 
derive therefrom the doppler shift between said sat- 
ellite and said user terminal and to derive the error 
in the internal oscillator in said user terminal. 



2. A system, according to claim 1, wherein said cur- 
rently calculated, estimated, improved position is 
repeatedly and replaceably employed as the initial io 
estimated position for said user terminal on the sur- 
face of the earth until differences between subse- 
quent currently calculated positions are less than a 
predetermined error apart. 

IS 

3. A system, according to claim 2 wherein the velocity, 
relative to the surface of the earth, of said user ter- 
minal, is also currently calculated and the currently 
calculated position of said user terminal is extrapo- 
lated, at the time of the subsequent measurement 20 
operation, to include the change of position result- 
ing from said currently calculated velocity. 

4. A system according to any preceding claim wherein 
said exchanged messages between said user ter- 2S 
minal and said earth station are adapted to measure 

the doppler shift due to motion of said satellite rel- 
ative to said user terminal and to measure the radio 
propagation delay between said earth station and 
said user terminal. 30 



7. A method of determining the position of a user ter- 
minal of a satellite telecommunications system, 
wherein the user terminal is operative to exchange 
signals, via a satellite, with an earth station, to per- 
form a measuring operation to measure the charac- 
teristics of said signals to determine the position of 
the user terminal on the surface of the earth to a 
first accuracy, the method including: 

measuring a doppler frequency shift for signals 
communicated between the satellite and the 
user terminal, and characterised by 
estimating, on the basis of the measurement of 
doppler frequency shift, a component of user 
terminal velocity transverse to the directbn be- 
tween said satellite and said user terminal such 
as to determine the position of said user termi- 
nal to a second accuracy better than the first 
accuracy. 



2S 



30 



5. A system according to any one of claims 1 to 4 
wherein said satellite is operative to send, to said 
earth station, a signal on a first generated frequen- 
cy, and wherein earth station is operative to send a 3S 
signal at a first known frequency to said satellite and 
wherein said satellite is operative to use an internal 
oscillator to transpose said signal of a first known 
frequency and return the transposed signal to said 
earth station on a first transposed frequency, said 40 
earth station being operative to measure said first 
generated frequency and said first transposed fre- 
quency and to derive therefrom the doppler shift be- 
tween said earth statbn and said satellite and the 
error in the internal oscillator in said satellite. 4S 



6. A system according to claim 5 wherein said earth 
station is operative, after having derived said dop- 
pler shift and said error in said internal oscillator in 
said satellite, to cause said satellite to send a signal so 
at a second known frequency to said user terminal, 
and wherein said user terminal is operative to use 
an internal oscillator to transpose said signal of a 
second known frequency and retum the transposed 
signal to said earth station, through said satellite, ss 
on a second transposed frequency, and wherein 
said user terminal is operative to send, to said earth 
station, via said satellite, a signal on a second gen- 
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(54) User terminal doppier compensation 

(57) A satellite communications system, where a 
satellite 1 0 can pass messages between a user terminal 
44 and an earth station 38, as the satellite moves in an 
orbit 12 12' as indicated by arrow 46, comprises means 
for measuring the position of the user terminal 44. on 
the surface of the earth 14, relative to the nadir 50, by 
means of doppier shift measurements and propagation 
delay measurements between the satellite 10 and the 
user terminal 44. Apparant positional errors, due to 



movement of the user terminal 44 relative to the surface 
of the earth 14, inducing its own doppier shift, are com- 
pensated by repeated and improved estimation of the 
velocity of the user terminal 44 and use of the last de- 
termined estimation of the user terminal 44 position, as 
modified by the estimated movement of the user termi- 
nal on the basis of its best guess velocity, as the start 
position for an improved position and velocity estima- 
tion, until subsequent estimations agree within prede- 
termined limits. 
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